The immobilization of glucose oxidase (GOx) on indium-gallium zinc oxide (IGZO) thin films is studied in order to fabricate a high performance biosensor. An amine functionalized layer, using (3-aminopropyl) triethoxysilane (APTES), is employed to support the immobilization and to achieve a qualified silanization layer. Fourier Transform Infrared (FT-IR) Spectroscopy, Atomic Force Microscopy (AFM), and contact angle measurements were performed to analyze the surface characteristics and to investigate a deposition mechanism for APTES with varying concentrations. Finally, GOx is immobilized on the APTES layer to determine how a diverse surface quality influences GOx density, and its enzymatic activity is identified by the detection of the electrical signal from glucose biosensors.
Introduction
Diabetes mellitus is a fast-growing public health problem owing to a sharp global increase in obesity.
1,2 Quantitative blood glucose sensing has great clinical importance and can greatly reduce the risks of diabetes mellitus induced heart disease, kidney failure, or blindness.
3 Current needle-type glucose sensors have difficulty evaluating sudden glucose level variations and are painful with repeated use. Therefore, noninvasive continuous glucose monitoring has been an attractive technique for future glucose sensors. 4 Instead of blood glucose, this method gathers glucose from other bodily uids such as tears, urine, saliva, etc. However, the glucose concentration in these uids is low compared to blood. Consequently, sensors require a high sensitivity at low detection limits without any interference.
5,6
The platform for high sensing properties has been studied in various elds for decades. [7] [8] [9] [10] Oxide based eld-effect transistors (FETs) have relatively good electrical characteristics such as a eld-effect mobility over 10 cm 2 V À1 s À1 , a low temperature process that is compatible with exible substrates, and transparency. 11 This represents that the oxide FETs have a potential for wearable sensor applications. It can also be integrated with other circuits to perform signal processing or display. The interest in the oxide FET biosensors has recently increased in areas for sensing glucose [12] [13] [14] and the other biochemical molecules.
15-17
Fabricating biosensors requires a process for immobilizing biomolecules on a solid surface of the sensor device. Enzymatic detection using glucose oxidase (GOx) immobilization provides a general analytical means to detect glucose concentration by electrochemically interacting with glucose and GOx. The amount of immobilized enzyme directly affects to a sensitivity of the sensor. The enzyme can loss its activity without careful immobilization process, which is related to the sensor's selectivity and stability. 18, 19 A weak GOx immobilizing strength requires a support layer to enhancing the bonding strength between GOx and the solid surface. In general, silanization with amine group (NH 2 ) terminated organosilanes is widely employed due to the high NH 2 group reactivity with a complementary GOx functional group.
20
Surface distribution and NH 2 morphology are known to be critical factors for GOx immobilization, which is controlled by the silane layer deposition condition. The condition for silanization is mainly varied by the silane concentration used in the reaction solvent, length of reaction time, and reaction environment.
21
In this study, prior to fabricating oxide FET sensors, GOx is immobilized on an indium gallium zinc oxide (IGZO) thin lm, which is one of the high performance oxide materials especially commercialized in a display eld. 22 The IGZO FETs can present a multiple application, which is monitoring the glucose level through the human tears and visualizing it on the contact lens. It is an effective example in order to show a circuit integration of the biosensor and display modules. Aminosilane using (3-aminopropyl)triethoxysilane (APTES) is used as a supporting layer for immobilization. The APTES layer formation quality is investigated under varying deposition conditions to determine if it can primarily affect GOx enzyme immobilization. 
APTES preparation and deposition
APTES solution was prepared to 1%, 5%, and 17% volume fraction (v/v) concentrations by dissolving APTES (99%, SigmaAldrich) in an ethanol solvent. The solution was sonicated for 1 h to disperse APTES molecules in the solvent and stored at room temperature. All plasma treated IGZO samples were immersed in the various APTES concentration solutions from 2 to 17 h for APTES deposition and silanization. In order to remove weakly bonded APTES molecules on IGZO surface, it was rinsed with ethanol solvent and air dried.
GOx solution preparation and immobilization

mg ml
À1 of GOx solution was prepared by mixing a GOx powder (from Aspergillus niger, Sigma-Aldrich) with 0.01 M of phosphate buffered saline (1Â PBS, pH: 7.4, Sigma-Aldrich).
The solution was drop casted on the APTES treated IGZO lms to induce adsorption on the terminal amine functionalized surface. Aer the immobilization, all samples were washed with PBS solution.
Sensor fabrication
A resistor type of electrical sensor was fabricated with the IGZO platform. A 150 nm of Mo electrode was deposited on the IGZO lm by sputtering as a contact electrode. For reducing contact resistance between the electrode and semiconductor, the device was annealed at 300 C for 1 h in air. The IGZO lm has an amorphous phase and its composition ratio is not clearly varied to the sputter target. 23 Then, poly(methyl methacrylate) (PMMA) layer was spin-coated on the device and patterned with width/ length of 600 mm/100 mm exposing only the IGZO surface for the immobilization. It is also for the calculation of sensitivity, and for preventing a leakage current between the electrodes and an aqueous solution. The silanization with varying concentration and the GOx immobilization process were conducted on the exposed IGZO surface. A polydimethylsiloxane (PDMS) was attached on the top of the devices as a solution chamber.
Results and discussion
In order to study a variable for APTES lm formation and amine activation, APTES was deposited as a function of its concentration and deposition time. First, we varied the APTES solvent concentration with a xed deposition time. Fig. 1(a) shows the Fourier Transform Infrared Spectroscopy (FT-IR) spectra of 1%, 5%, and 17% APTES deposited on the hydroxylated IGZO surface for 17 h. The IR spectra were measured with Cary 670 FT-IR spectrometer (Agilent) equipped with attenuated total reection (ATR) accessory. The sample was placed on the crystal plate of ATR and a continuous air was blown into the instrument for reducing humidity. The spectral resolution was 4 cm À1 on the scan ranging from 3750 to 750 cm À1 . The two prominent peaks at 2340 and 2360 cm À1 are caused by ambient CO 2 and
are not related to the sample surfaces. 24 The peak identied at 1560 cm À1 is a bending vibration of the NH 2 terminal amine group, and Si-O-Si symmetrical stretching vibration is showed at 1040 cm À1 . This indicates that the APTES silanization has progressed on the IGZO surface. 25 The characteristic silanization peaks are identied at all APTES concentrations and the peak intensity increases as the concentration increases. Fig. 1(b) displays the FT-IR spectra of 5% APTES on the IGZO surface as the deposition time evolves over 2, 6, and 17 h. The intensity of IR peaks signicantly increases as deposition time increases from 2 to 6 h, and it becomes saturated at 17 h. During the initial silanization stage, APTES molecules react with the hydroxyl group on the IGZO surface. As the silanization reaction site decreases, the density of amine on the IGZO nally becomes saturated aer a sufficient time. On the other hand, the amine group density continuously increases depending upon how many APTES molecules are contained in the solvent. Therefore, it is noted that the APTES layer concentration dominates the total density of the amine terminal group when adequate deposition time is allowed.
The APTES/IGZO lm contact angle was measured to analyze the surface energy of the amino terminated layer. This method offers an indication about the nature of the functional groups 26 Static contact angles were measured using the sessile droplet method. 2 ml of deionized water was dropped on the APTES/IGZO surface by automatic syringe and its image was taken within 5 s using the charge coupled device (CCD) video camera of the OCA15plus system. The contact angles were calculated an average of three measurements per specimen. The hydroxylated IGZO contact angle before and aer APTES deposition with different concentrations are exhibited in Fig. 2 . The measured contact angle before deposition was 15.7 , which has hydrophilic behavior due to the surface OH groups from oxygen plasma treatment. Aer depositing 1%, 5%, and 17% APTES, they increase to 40.6 , 67.3 , and 74.2 , respectively. The surface energy changed to more hydrophobic aer amino terminated surface modication, which was proportional to the APTES concentration. The contact angle of a well-ordered amine group is known to range from 60 to 68 , 26, 27 indicating that the amino group aer 1% APTES treatment is not abundantly deposited on the entire IGZO surface. At more than 5% APTES concentration, the contact angle shows a match for the qualied amine layer and becomes overcrowded at 17%.
To further analyze APTES layer surface characteristics, the respective APTES concentration sample morphologies were measured by Atomic Force Microscopy (AFM). Their 3D images are shown in Fig. 3 . Each image has 10 mm Â 10 mm of measuring area and AE5 nm of thickness range. Three images illustrate different surface morphology appearances as the APTES concentration varied. The 1% APTES morphology shows a locally agglomerated ridge and densely populated peaks. This indicates that the APTES molecules do not deposit uniformly on the IGZO lm while polymerizing themselves. In the 5% case, the peaks rapidly diminish and the morphology is smoother than the 1% case. On the contrary, the image of 17% reveals extremely populated ne peaks as a result of accelerated polymerization of APTES molecules caused by its high concentration. It is also noted that the RMS roughness of the 1%, 5%, and 17% concentrations were calculated to be 1.212 nm, 0.781 nm, and 1.282 nm, respectively, where of the 5% APTES created the smoothest silanized surface.
The morphology changes for different APTES concentrations are explained within the silanization process mechanism. General APTES monolayer silanization progressed through the following steps.
28 APTES molecules in solvent diffused to the hydroxylated surface and one or two APTES alkoxy groups reacted with the OH surface group. Then additional alkoxy groups are hydrolyzed and establish silanols (Si-OH) such that Si-O-Si networks are linked to another alkoxysilane of APTES molecules. However, we assume that there are three practical APTES process formations depending on concentration. Fig. 4 is a schematic diagram showing how the silanization process varies by the APTES molecule concentration in the solvent. When the concentration is low, silane molecule diffusion time to the IGZO is relatively long so that it could be polymerized in solvent before reaction with the OH group on the surface (red square). This polymerized molecule creates local nucleation and additional diffusion accelerates agglomeration. As the concentration gradually increases, the reaction between silane and the surface OH group becomes faster than the silane polymerization, which forms more uniform silanization surface than the lower APTES concentration. If the silane concentration is overcrowded in the solvent, molecules could more frequently diffuse to the surface and not ensure enough time for silane alignment. This causes a randomly oriented silane polymerization and nally forms a rough surface. Biomolecule immobilization strength varies depending on the surface quality of the assisted silane layer. In order to conrm the biomolecule immobilization on different quality silanized layers, GOx is attached on the three kinds of APTES treated samples with different concentrations. Fig. 5 shows FT-IR spectra of GOx/APTES/IGZO samples with 1%, 5%, and 17% APTES concentration. The characteristic peaks of GOx are identied on the all samples, which is a broad band of N-H stretching vibration at 3290 cm À1 and an amide bands due to C]O stretching vibration at 1620 cm À1 . 29 The peaks at 5% APTES have the strongest intensity compared to the others. This means the density of GOx is highest on the 5% APTES/IGZO surface. Therefore, the enzyme immobilization has the most efficiency on the uniform and smooth silanization surface revealed on the 5% APTES layer.
In this experiment, the NH 2 density increases as the APTES concentration increases. However, the highest GOx density aer immobilization is not identied on the maximum NH 2 density. Contact angle and AFM analysis shows that the 5% APTES surface has a uniformly distributed amino group and smooth morphology of NH 2 alignment. In conclusion, the efficiency of GOx immobilization is critically inuenced by the exposed NH 2 on the surface that is practically available to connect with enzymes. Additionally, the quality of IGZO surface could affect the APTES morphology. The amorphous phase of IGZO lm that has relatively low surface roughness (R q $ 0.53 nm) could contribute to the formation of a high quality APTES layer.
30
The sensor devices were fabricated and their electric current was measured with a glucose sample for identifying the enzyme activity through the IGZO platform. A glucose solution was prepared by dissolving a glucose powder in the 1Â PBS. The electrical signal of devices was measured by a parameter analyzer (4200-SCS, Keithley). Fig. 6(a) shows the electrical signal of the GOx immobilized devices which of 1%, 5%, and 17% APTES layers in the PBS solution (solid lines). The current value of 1% and 5% APTES treated devices is similar level, while it is signicantly decreased up to which of 17%. It seems that the highly polymerized and unbounded NH 2 group with the GOx can be converted to the NH 3 + due to a protonation in the neutral PBS solution. The formation of the positively charged groups on the IGZO surface can introduce acceptor-like surface states so that the electron, a majority carrier in the IGZO, is captured in the trap sites, thereby degrading a conductivity of IGZO lm. 31 Aer drop the 1 mM of glucose solution, the current is decreased on the all devices (dashed lines). When the glucose solution is dropped into the solution chamber, the glucose is biocatalytically oxidized, and forms a gluconic acid and hydrogen peroxide in the presence of GOx.
1 These products result in acidication at the IGZO/solution interface through proton dissociation. The formation of protons on the IGZO surface can create the trap states; therefore, the conductivity of IGZO is decreased aer the enzyme reaction. The reduction currents on the 1%, 5%, and 17% devices are 14.4, 21.4, and 0.1 pA, respectively, which the 5% device shows a higher sensitivity rather than the other devices (Fig. 6(b) ). This represents that the immobilization condition is the important factor to achieve the high sensor performances. Fig. 6 (c) displays real-time glucose monitoring on the 5% device with dropping the 5 ml of 1 mM glucose repeatedly. The current level drops as the addition of glucose concentration, clearly recognizable aer 200 s due to stabilizing the current baseline. Detection sensitivity is calculated to 1.50 nA mM À1 cm À2 and response time until the steady state current is 14 s, which shows the repeatable precision of the sensor. The sensor reproducibility was also evaluated with 1 mM glucose. The relative standard deviation of the sensor response was 0.2% for ve measurements aer the current stabilization. The electrical response observed for our sensors is comparable to prior studies of metal oxides, 32 carbon nanomaterial, 33 and polymer types. 34 The device sensitivity and stability can be improved with a variation of measurement Fig. 3 The AFM surface morphologies for the APTES of (a) 1%, (b) 5%, and (c) 17% concentration treated on the IGZO layer. Fig. 4 The schematics of the APTES deposition mechanism on the hydroxylated IGZO surface. At initial status of process, randomly oriented polymerization could occur in solvent (red square), and forms different network formation during deposition as their concentration. 
Conclusion
An APTES silanization layer was deposited on IGZO thin lm for GOx immobilization. The APTES IR spectra and amine group density in the APTES layer was identied by deposition time and concentration. As the silanization deposition progressed, the amine density on the IGZO continuously increased as the APTES molecule concentration increased and became saturated aer a sufficient time. Contact angle and AFM analysis showed that the silane concentration in the solvent transformed the APTES layer surface characteristics by varying deposition behavior. It is also revealed that uniform and smooth amino alignment morphology is not related to the total density of the amine group. Consequently, this silanization surface quality is attributed to the GOx immobilization on IGZO lm, and it can be identied by the enzymatic detection of the glucose biosensor devices.
